The performance o f microwave systems and components f o r d i g i t a l d a t a t r a n s m i s s i o n can be c h a r a c t e r i z e d by a p l o t o f t h e b i t -e r r o r r a t e as a f u n c t l o n o f t h e s i g n a l -t o -n o i s e r a t i o ( o r Eb/No). measurement o f b i t -e r r o r r a t e s and s i g n a l -t o -n o i s e r a t i o s , developed a t NASA Lewis Research Center, a r e described. Noise measurement c o n s i d e r a t i o n s and t i m e requirements f o r measurement accuracy, as w e l l as computer c o n t r o l and d a t a p r o c e s s i n g methods, a r e discussed.
Methods f o r t h e e f f i c i e n t automated I n t r o d u c t i o n
The performance o f microwave d i g i t a l d a t a t r a n s m i s s i o n systems and components can be q u a n t i z e d i n terms o f t h e r a t e a t which b i t -e r r o r s occur. Amplitude and phase d i s t o r t i o n s i n t h e system, as w e l l as v a r i o u s types o f i n t e r f e r e n c e , can induce e r r o r s . However, e r r o r s a r e p r i m a r i l y a f u n c t i o n o f t h e s i g n a l -t o -n o i s e r a t i o p r e s e n t a t t h e d a t a demodulator i n p u t . A c u r v e o f t h e b i t -e r r o r r a t e (BER) as a f u n c t i o n o f t h e r e c e i v e d e n e r g y -p e r -b i t t o n o i s e r a t i o (Eb/No), g i v e n t h e o t h e r d i s t o r t i o n s present, s u f f l c i e n t l y c h a r a c t e ri z e s t h e performance o f t h e system, a l l o w l n g o p e r a t i n g parameters t o be chosen t o y i e l d a d e s i r e d BER.
Work i n advanced d i g i t a l communications systems a t NASA Lewis has c r e a t e d a requirement f o r t h e l a b o r a t o r y e v a l u a t i o n o f communications systems and system components. To meet t h i s requirement, an automated system f o r t h e measurement o f BER versus +, / No
has been developed. The system i s designed t o a l l o w a complete BER c u r v e t o be a c c u r a t e l y measured I n a minimum amount o f time.
The major c o n s i d e r a t i o n s which must be addressed t o implement such a system i n c l u d e n o i s e i n s e r t i o n and Eb/No measurement, t i m e requirements f o r BER measurement accuracy, and t h e r e q u i r e d computer c o n t r o l and d a t a processi n g a l g o r i t h m s . Approaches which have been s u c c e s s f u l l y a p p l i e d t o these areas a r e presented and discussed below.
7 BER Versus Eb/No Measurement Technique
The BER i s u s u a l l y measured over a range o f values f r o m about t o o r 10-8. chosen so t h a t a t l e a s t one d a t a p o i n t beyond t h a t goal has been taken. For example, i f t h e system i s r e q u i r e d t o p e r f o r m a t a BER o f 5x10-7, t h e f i n a l d a t a p o i n t taken must be l e s s than 5x10-7.
This a l l o w s t h e Eb/No r e q u i r e d t o m a i n t a i n a BER o f 5x10-7 t o be a c c u r a t e l y determined by a l i n e a r i n t e r p o l at i o n between t h e l a s t and n e x t -t o -l a s t d a t a p o i n t s .
The lower f i g u r e i s determined by t h e system performance g o a l and i s A t y p i c a l measured BER versus Eb/No c u r v e i s shown i n F i g . 1. The theor e t i c a l ( o r i d e a l ) c u r v e i s u s u a l l y shown f o r comparison. Such a c u r v e can be o b t a i n e d by measuring t h e BER w h i l e v a r y i n g t h e The s t a r t i n g Eb/No value i s determined f r o m t h e t h e o r e t i c a l c u r v e where t h e BER I s about 10-2. The Eb/No i s incremented by 1 dB u n t i l t h e measured BER has exceeded t h e performance goal, a t which t i m e t h e l a s t d a t a p o i n t i s t a k e n and t h e measurement i s stopped.
Eb/No i n 1 dB Increments.
The system f o r p e r f o r m i n g t h i s measurement i s d e s c r i b e d by t h e b l o c k d i agram shown i n F i g . 2. A range o f values o f Eb/No can be o b t a i n e d under comp u t e r c o n t r o l u s i n g a n o i s e i n s e r t i o n system d e s c r i b e d i n t h e n e x t s e c t i o n . The d a t a g e n e r a t o r p r o v i d e s a pseudo-random b i t stream t o t h e m o d u l a t o r a t t h e r e q u i r e d r a t e . A f t e r t h e m o d u l a t e d -s i g n a l has been t r a n s m i t t e d t h r o u g h t h e system under t e s t , t h e s i g n a l ( p l u s n o i s e ) i s demodulated and t h e r e s u l t i n g d a t a sequence sent t o t h e d a t a checker. The d a t a checker, a f t e r r e c e i v i n g an i n i t i a l c o n t r o l word, regenerates t h e o r i g i n a l pseudo-random d a t a sequence and compares i t , b i t by b i t , t o t h e d a t a sequence r e c e i v e d f r o m t h e demodulator (Ref. 1 ) . The b i t -e r r o r s , as w e l l as t h e t o t a l number o f b i t s r e c e i v e d , a r e counted by t h e d a t a checker. The c o n t r o l computer o b t a i n s these counts f r o m t h e d a t a checker and c a l c u l a t e s t h e b i t -e r r o r r a t e . The c o n t r o l computer a l s o m o n i t o r s s i g n a l and n o i s e l e v e l s and c a l c u l a t e s a t a b l e o f BER and values c h a r a c t e r i z i n g t h e system under t e s t .
Eb/No Noise I n s e r t i o n and Eb/No Measurement Once a communications system has been placed i n s e r v i c e , a s i n g l e BER measurement c h a r a c t e r i z e s t h e performance o f t h e system. The s i g n a l -t o -n o i s e r a t i o ( o r e n e r g y -p e r -b i t t o n o i s e r a t i o , Eb/No) i s a f u n c t i o n o f t h e n o i s e p r esent i n t h e system and t h e t r a n s m i t t e d s i g n a l power l e v e l and i s a f i x e d q u a n t i t y . The n o i s e i s u s u a l l y thermal n o i s e i n t h e system p l u s extraneous noise, such as background n o i s e and i n t e r f e r e n c e r e c e i v e d by an antenna.
I n a l a b o r a t o r y t e s t , t h e antenna background n o i s e can be e l i m i n a t e d and t h e thermal n o i s e can u s u a l l y be c o n t r o l l e d , so t h a t t h e r e c e i v e d Eb/No can be v a r i e d by adding w h i t e (Gaussian) n o i s e . A n o i s e i n s e r t i o n system such as shown i n F i g . 3 ( R e f . 2) i s used t o p r o v i d e t h e v a r i a b l e Eb/No. The c o n t r o l computer v a r i e s t h e Eb/No i n 1 dB increments t h r o u g h a programmable s t e p a t t e n u a t o r ( l a b e l e d A1 i n F i g . 3 ) . The second programmable a t t e n u a t o r ( A 2 ) c o n t r o l s t h e o u t p u t power l e v e l . The power m o n i t o r p o r t i s coupled t o t h e o u tp u t s i g n a l l i n e t o a l l o w s i g n a l and n o i s e power measurements t o be made. Since t h e n o i s e source produces broadband w h i t e n o i s e , a bandpass f i l t e r a p p r o x imating t h e bandwidth o f t h e system under t e s t i s placed ahead o f t h e power meter t o improve n o i s e measurement accuracy. 
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I B The n o i s e i n s e r t i o n can be accomplished a t t h e i n p u t t o t h e system under t e s t as w e l l as a t t h e o u t p u t . For example, i n t e s t i n g a s a t e l l i t e r e c e i v e r , n o i s e i n s e r t e d a t t h e i n p u t would s i m u l a t e n o i s e on t h e s a t e l l i t e u p l i n k . For most measurements, however, t h e n o i s e i s added a t t h e o u t p u t o f t h e system under t e s t . I n t h i s case, measurement o f t h e Eb/No i s r e l a t i v e l y simple.
A measurement o f t h e s l g n a l power I s made a t t h e power m o n i t o r p o r t by t u r n i n g o f f t h e n o i s e power ( s e t t i n g a t t e n u a t o r A1 s e t t o i t s maximum s e t t i n g ) . Through t h e c o n t r o l computer, t h e modulated s i g n a l i s t e m p o r a r i l y t u r n e d o f f and a t t e n u a t o r A1 i s r e t u r n e d t o i t s s e t t i n g f o r t h e n e x t measurement p o i n t . A f t e r t h e n o i s e power has been measured, t h e modulated s i g n a l I s t u r n e d on and t h e BER measured. T h i s process i s repeated f o r each measurement p o i n t u n t i l t h e complete BER versus Eb/No c u r v e has been o b t a i n e d .
Once t h e r a t i o o f measured s i g n a l power t o measured n o i s e power has been c a l c u l a t e d , two adjustments a r e r e q u i r e d t o y i e l d t h e Eb/No.
The f i r s t adjustment c o n v e r t s t h e s i g n a l -t o -n o i s e r a t i o t o t h e e n e r g y -p e r -b i t t o n o i s e r a t i o . T h i s i s done by c a l c u l a t i n g r a t i o o f t h e channel bandwidth t o t h e b i t r a t e . This q u a n t i t y , which r e p r e s e n t s t h e d i f f e r e n c e between t h e s i g n a l power and t h e e n e r g y -p e r -b i t , i s then added t o t h e measured s l g n a l -t o -n o i s e r a t i o . For example, i f a modulated s i g n a l a t 100 Mbps were b e i n g t r a n s m i t t e d w i t h a channel bandwidth o f 200 flHz, t h e bandwidth t o b i t r a t e r a t i o o f 2 ( o r 3 dB) must be added t o t h e measured s i g n a l -t o -n o i s e r a t i o t o y i e l d Eb/No. Note t h a t t h i s adjustment i s u s u a l l y n o t needed f o r t h e s i g n a l measurement, s i n c e t h e power l e v e l o f t h e s i g n a l near t h e band edges i s low compared t o t h e band c e n t e r , w h i l e t h e n o i s e power d e n s i t y i s u n i f o r m across t h e band.
The second adjustment t o t h e Eb/No t h e f i l t e r on t h e power m o n i t o r p o r t . The r a t i o o f t h e n o i s e bandwidth o f t h i s f i l t e r ( u s u a l l y taken as t h e 3 dB bandwidth when t h e f i l t e r i s 5 t h o r d e r o r h i g h e r , Ref. 3) t o t h e channel bandwidth must be added t o t h e t o a d j u s t f o r t h e out-of-channel n o i s e measured d u r i n g t h e n o i s e measurement. For example, i f t h e f i l t e r on t h e power m o n i t o r p o r t has a bandwidth o f 235 HHz
takes i n t o account t h e bandwidth o f When t h e n o i s e i s i n s e r t e d a t t h e i n p u t t o t h e system under t e s t r a t h e r t h a n a t t h e o u t p u t , i t i s necessary t o measure t h e Eb/No a t t h e i n p u t a l s o ,
p a r t i c u l a r l y i f t h e r e a r e n o n l i n e a r a c t i v e devices i n t h e system. The nonl i n e a r devices tend t o suppress t h e n o i s e when t h e s i g n a l i s present, y i e l di n g a lower a c t u a l n o i s e l e v e l t h a n i s measured w i t h t h e s i g n a l o f f . The r e s u l t i s a d i f f e r e n c e between t h e measured Eb/No and t h e a c t u a l Eb/No a t t h e system o u t p u t . T h i s e r r o r 1s dependent on t h e Eb/No a t t h e system i n p u t and cannot be measured a c c u r a t e l y . D i f f i c u l t i e s i n Eb/NO measurement occur when i n t e r f e r e n c e o r s p u r i o u s s i g n a l s a r e p r e s e n t . These s i g n a l s , which a r e independent o f t h e modulated s i g n a l , w i l l c o n t r i b u t e u n e q u a l l y t o t h e n o i s e power measurement and t h e s i g n a l power measurement and thus y i e l d an erroneous I f t h e i n t e r f e r e n c e was c r e a t e d i n t e n t i o n a l l y ( f o r example, i n a t e s t i n t e n d e d t o measure t h e e f f e c t s o f i n t e r f e r e n c e on t h e system), t h e i n t e r f e r i n g s i g n a l s can be removed w h i l e a
i n t e r f e r e n c e p r e s e n t , and t h e Eb/No's o b t a i n e d d u r i n g these subsequent measurements a r e disregarded. I f t h e i n t e r f e r e n c e o r s p u r i o u s s i g n a l s a r e i n h e r e n t i n t h e system and cannot be c o n t r o l l e d , a b a s e l i n e s e t o f Eb/No values can be o b t a i n e d i n a d i f f e r e n t way. The system under t e s t i s removed and r e p l a c e d w i t h s u f f i c i e n t a t t e n u a t i o n o r a m p l i f i c a t i o n t o c r e a t e a t e s t s i g n a l equal i n power l e v e l t o t h e s i g n a l a t t h e o u t p u t o f t h e system under t e s t . The BER versus Eb/No measurement made w i t h t h i s t e s t s i g n a l w i l l p r o v i d e an adequate s e t o f b a s e l i n e Eb/No values t o a p p l y t o BER measurements made on t h e system w i t h t h e i n t e r f e r e n c e o r spurious s i g n a l s p r e s e n t . 
Time Requirements f o r Accurate B i t -E r r o r Rate Measurement The b i t -e r r o r r a t e f o r a d i g i t a l communications system i s p r i m a r i l y a f u n c t i o n o f t h e s i g n a l -t o -n o i s e r a t i o a t t h e d a t a d e t e c t o r . Since t h e n o i s e i s random 'In n a t u r e , t h e number o f b i t s checked must be l a r g e enough t o i n s u r e , w i t h a reasonable p r o b a b i l i t y , t h a t t h e BER measurement i s a c c u r a t e t o w i t h i n a d e s i r e d e r r o r bound. i t y o f b e l t i v e l y sma (>>1000) , ng i n e r r o r . Since t h e p r o b a b i l i t y o f a b i t b e i n g i n e r r o r .ll ( l e s s t h a n 0.01). and t h e number o f b i t s checked i s q u i t a Poisson a p p r o x i m a t i o n t o t h e b i n o m i a l d i s t r i b u t i o n can be r a t e l y used ( R e f . 4 ) . The Poisson a p p r o x i m a t i o n y i e l d s an e x p r e s s i o n standard d e v i a t i o n which can be used i n Chebychevls I n e q u a l i t y t o y i e f o l l o w i n g e q u a t i o n .
A p p l y i n g p r o b a b i l i t y t h e o r y t o t h e c o u n t i n g o f b i t -e r r o r s a l l o w s c a l c u l at i o n o f t h e minimum number o f b i t s r e q u i r e d t o be checked t o o b t a i n a d e s i r e d BER measurement accuracy. T h i s i s done by r e c o g n i z i n g t h e b i n o m i a l n a t u r e o f t h e c o u n t i n g o f b i t -e r r o r s , where each o f n r e c e i v e d b i t s has
E i s t h e measurement e r r o r bound, d e f i n e d as i s t h e p r o b a b i l i t y o f t h e measured BER f a l l i n g w i t h i n +_E o f t h e a c t u a l BER f o r n b i t s checked
Ibl-bl b ( b ' i s t h e measured BER) E =
From t h e above equation, one can c a l c u l a t e t h e number o f b i t s , n, r e q u i r e d t o yie1,d a BER measurement t h a t i s w i t h i n a g i v e n e r r o r bound, E, w i t h a probab i l i t y P. The r e s u l t s of s e v e r a l such c a l c u l a t i o n s a r e p l o t t e d i n F i g . 4. The number o f b i t s r e q u i r e d , n, i s p l o t t e d a g a i n s t t h e a c t u a l BER f o r t h r e e e r r o r bounds and t h r e e p r o b a b i l i t i e s . For example, when t h e BER i s 10-6, checking 1012 b i t s w l l l r e s u l t i n a measurement e r r o r o f l e s s t h a n 0.01 f o r 99 p e r c e n t o f t h e measurements made 
s o b t a i n e d by d i v i d i n g t h e number o f r e q u i r e d b i t s by t h e d a t a r a t e .
In o r d e r t o m i n i m i z e t h e t i m e r e q u i r e d t o measure a complete BER versus Eb/No on an i n i t i a l BER measurement. An example o f t h e a l g o r i t h m i s shown i n F i g . 5. A t a d a t a r a t e o f 220 Mbps, t h e a l g o r i t h m y i e l d s an average measurement t i m e o f
curve, an a l g o r i t h m i s employed which v a r i e s t h e measurement t i m e based
Computer C o n t r o l and Data Processing C o n s l d e r a t l o n s
The c o n t r o l computer shown i n F i g . 2 i s a 3 2 -b i t minicomputer. The comp u t e r i s c o n f i g u r e d as an Experiment C o n t r o l and M o n i t o r (EC&M) Computer, capable o f p e r f o r m i n g numerous RF measurements as w e l l as d a t a t r a n s m i s s i o n t e s t s (Ref.
I n t h e f i r s t EC&M s o f t w a r e phase, a menu-driven setup program i s used t o c r e a t e two f i l e s r e q u i r e d t o c o n t r o l t h e t e s t . The t e s t d e f i n i t i o n f i l e (TDF i n F i g . 6 ) c o n t a i n s a l l o f t h e necessary i n f o r m a t l o n on t h e i n s t r u m e n t s and devices t o be c o n t r o l l e d and m o n i t o r e d d u r i n g t h e t e s t , such as d e v i c e t y p e and address, and l i m i t s on d e v i c e s e t t i n g s o r i n s t r u m e n t r e a d i n g s . The sequence c o n t r o l f i l e (SDA I n F i g . 6) c o n t a t n s t h e c o n t r o l sequence which accesses t h e i n s t r u m e n t c o n t r o l modules i n t h e proper o r d e r .
The second phase c o n s i s t s o f a c o n t r o l program and a d i s p l a y program. The c o n t r o l program uses t h e TDF and SDA f i l e s t o execute t h e sequence o f a c t i o n s r e q u i r e d t o p e r f o r m t h e t e s t . The c o n t r o l program a l s o c o l l e c t s and checks t h e v a l i d i t y o f d a t a by comparing i t t o t h e l i m i t s e s t a b l i s h e d i n t h e
TDF f i l e , and s t o r e s t h e d a t a i n t h e DAT f i l e ( F i g . 6 ) . The d i s p l a y program a l l o w s t h e t e s t engineer t o i n t e r f a c e t o t h e t e s t i n progress, and p r o v i d e s a c o n s t a n t l y u p d a t i n g d i s p l a y g i v i n g t h e s t a t u s o f t h e t e s t b e i n g r u n and t h e l a t e s t s e t o f d a t a c o l l e c t e d .
The t h i r d phase o f t h e EC&M c o n t r o l s o f t w a r e i s t h e d a t a p r o c e s s i n g phase. The d a t a f i l e can be p r i n t e d d i r e c t l y o r processed t h r o u g h a separate d a t a p r o c e s s i n g program t o y i e l d t h e t e s t d a t a i n a d e s i r e d f o r m a t .
The i n t e r a c t i o n o f t h e c o n t r o l programs w i t h t h e v a r i o u s I n s t r u m e n t cont r o l module l i b r a r i e s f o r t h e BER versus Eb/No t e s t i s shown i n F i g . 7.
The devices t o be c o n t r o l l e d by t h e EC&M f o r t h i s t e s t ( a s shown i n F i g s . 3 and 4) a r e t h e d a t a generator, t h e d a t a checker, two s t e p a t t e n u a t o r s , and a power meter.
The d a t a g e n e r a t o r and checker a r e custom b u i l t devices c o n t r o l l e d by a 6809 microcomputer. The EC&M communicates w i t h t h e microcomputer t h r o u g h an RS-232 i n t e r f a c e . The d a t a g e n e r a t o r need o n l y be commanded t o t u r n on o r o f f a t t h e a p p r o p r i a t e t i m e s . The d a t a checker, i n a d d i t i o n t o b e i n g t u r n e d on o r o f f , p r o v i d e s BER d a t a t o t h e EC&M, which i s decoded t o y i e l d t h e t o t a l number o f b i t s r e c e i v e d and t h e t o t a l number o f e r r o r s counted.
1
The power meter c o n t r o l module a l l o w s f o r z e r o i n g o f t h e meter ~y removi n g t h e RF s i g n a l s and l o o p i n g through t h e z e r o i n g command u n t i l a z e r o r e a d i n g i s obtained. The s t e p a t t e n u a t o r s a r e c o n t r o l l e d by r e a d i n g t h e a t t e n u a t o r s t a t u s , c a l c u l a t i n g t h e n e x t s e t t i n g , and o b t a i n i n g t h e p r o p e r commard f r o m a look-up t a b l e .
An example o f a BER versus Eb/No t e s t sequence u s i n g an SMSK modulator and demodulator o p e r a t i n g a t a r a t e o f 220 Mbps which has been s u c c e s s f u l l y implemented can be described. Once i n s t r u m e n t s have been zeroed and s e t i n an i n i t i a l mode, t h e t e s t begins by s e t t i n g t h e i n i t i a l Eb/No t o about 5 dB. From t h e t h e o r e t i c a l curve, t h i s w i l l y i e l d a BER o f about 10-2. T h i s and t h e n e x t s e v e r a l d a t a p o i n t s can be o b t a i n e d a c c u r a t e l y w i t h measurement t i m e s o f 5 second. The sequence f o r measuring these p o i n t s c o n s l s t s o f d e t e r m i n i n g t h e c o r r e c t a t t e n u a t o r s e t t i n g s and measuring t h e t h e Eb/No measurement s e c t i o n . The d a t a g e n e r a t o r and checker a r e t u r n e d on and a 5 sec w a i t statement i s executed. The BER i n f o r m a t i o n i s o b t a i n e d f r o m t h e data checker, and t h e program moves on t o t h e n e x t measurement p o i n t . B i te r r o r s o c c a s i o n a l l y occur i n t h e c o n t r o l word s e n t by t h e d a t a g e n e r a t o r . As a r e s u l t , t h e d a t a checker does n o t r e s t a r t t h e pseudo-random d a t a sequence p r o p e r l y and a 50 p e r c e n t BER I s e r r o n e o u s l y measured. T h i s problem i s avoided by t a k i n g 5 samples a t each measurement p o i n t and a v e r a g i n g t h e r e s u l t s . I f a c o n t r o l word e r r o r has occurred i n one o r more o f these samples, t h e average c a l c u l a t e d w i l l be c l o s e t o 50 p e r c e n t . I f an unexpectedly bad average i s noted, t h e bad sample(s) a r e found and d i s c a r d e d and t h e average r e c a l c u l a t e d , a v o i d i n g a time-consuming r e p e a t o f t h e measurement. been s e t . increments o f 1 dB, no measurement need be taken beyond a BER of 10-8 t o i n s u r e a t l e a s t on d a t a p o i n t l e s s t h a n 5x10-7.
t h e t e s t i s stopped and t h e r e s u l t i s a measured c u r v e such as t h e one shown i n F l g . 1.
For t h i s measurement, a performance g o a l o f 5x10-7 has From t h e t h e o r e t i c a l curve, i t was determined t h a t w i t h Eb/No
Once 10-8 has been reached, The e x e c u t i o n o f a BER versus Eb/No f i l e which c o n t a i n s t h e s t a t u s and measurement r e s u l t s f o r each s t e p o f t h e t e s t sequence. Since up t o 500 sequence steps may be executed d u r i n g a t e s t , two d a t a processtng programs a r e used t o d i s t i l l t h e data. The f i r s t program s e l e c t s a l l o f t h e necessary v a l i d d a t a values f r o m t h e t e s t d a t a f i l e . T h i s i n c l u d e s t h e s i g n a l and n o i s e power measurements and a l l o f t h e BER samples a t each measurement p o i n t . The Eb/No and t h e BER averages a r e c a l c u l a t e d and a t a b l e o f BER versus Eb/No values 4s p r i n t e d . A second program i s implemented on a desktop computer so t h a t i t can be used w h i l e BER t e s t s a r e b e i n g r u n . T h i s program s t o r e s t h e d a t a t a b l e s on a 5-1/4 i n . d i s k , performs a n a l y t i c a l c a l c u l a t i o n s such as curve f l t t t n g and BER d e g r a d a t i o n o f a measured c u r v e f r o m t h e t h e o r e t i c a l curve. The BER curves and p l o t s o f t h e BER d e g r a d a t i o n as a f u n c t i o n o f another measurement parameter can be p l o t t e d t h r o u g h t h l s second program. measurement r e s u l t s i n a l a r g e d a t a An example o f t h i s t y p e o f d a t a r e d u c t i o n and p l o t t i n g i s shown i n F i g . 8.
measurements was performed f o r a s a t e l l i t e communi-A s e r i e s BER versus c a t i o n s system i n whtch t h e i n p u t d r i v e l e v e l o f t h e s a t e l l i t e h i g h power a m p l i f i e r was s u c c e s s i v e l y backed o f f i n 2 dB increments. The r e s u l t i n g BER
